Entanglement, a key feature of quantum mechanics, is a resource that allows the improvement of precision measurements beyond the conventional bound attainable by classical means 1 . This results in the standard quantum limit, which is reached in today's best available sensors of various quantities such as time 2 and position 3, 4 . Many of these sensors are interferometers in which the standard quantum limit can be overcome by using quantumentangled states (in particular spin squeezed states 5, 6 ) at the two input ports. Bose-Einstein condensates of ultracold atoms are considered good candidates to provide such states involving a large number of particles. Here we demonstrate spin squeezed states suitable for atomic interferometry by splitting a condensate into a few parts using a lattice potential. Site-resolved detection of the atoms allows the measurement of the atom number difference and relative phase, which are conjugate variables. The observed fluctuations imply entanglement between the particles 7-9 , a resource that would allow a precision gain of 3.8 dB over the standard quantum limit for interferometric measurements. Spin squeezing was one of the first quantum strategies proposed to overcome the standard quantum limit, in a precision measurement 5, 6 that triggered many experiments [10] [11] [12] [13] [14] [15] [16] [17] . It applies to measurements where the final readout is done by counting the occupancy difference between two quantum states, as in interferometry or in spectroscopy. The name 'spin squeezing' originates from the fact that the N particles used in the measurement can be described by a fictitious spin J 5 N/2. In an interferometric sequence, the spin undergoes a series of rotations in which one of the rotation angles is the phase shift to be measured. A sufficient criterion for the input state, allowing for quantum-enhanced metrology, is given by j S , 1, where j , has to be large enough to maintain the sensitivity of the interferometer. A pictorial representation of this condition is shown in Fig. 1b . The precision of such a quantumenhanced measurement is j S = ffiffiffiffi N p , whereas the standard quantum limit set by shot noise is 1= ffiffiffiffi N p . In this Letter, we report the observation of entangled squeezed states in a Bose-Einstein condensate of 87 Rb atoms. The particles are distributed over a small number of lattice sites (between two and six) in a one-dimensional optical lattice (Fig. 1a) . The occupation number per site ranges from 100 to 1,100 atoms. The two modes supporting the squeezing are two states of the external atomic motion corresponding to the condensate mean-field wavefunctions 
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is the squeezing parameter introduced in ref. 6 . The fluctuations of the spin in one direction have to be reduced below shot noise (here DJ 2 z vJ =2), and the spin polarization in the orthogonal plane, AEJ x ae 2 1 AEJ y ae 2 , has to be large enough to maintain the sensitivity of the interferometer. A pictorial representation of this condition is shown in Fig. 1b . The precision of such a quantumenhanced measurement is j S = ffiffiffiffi N p , whereas the standard quantum limit set by shot noise is 1= ffiffiffiffi N p . In this Letter, we report the observation of entangled squeezed states in a Bose-Einstein condensate of 87 Rb atoms. The particles are distributed over a small number of lattice sites (between two and six) in a one-dimensional optical lattice (Fig. 1a) . The occupation number per site ranges from 100 to 1,100 atoms. The two modes supporting the squeezing are two states of the external atomic motion corresponding to the condensate mean-field wavefunctions confined in a double-or six-well trap. a, The atoms are trapped in an optical lattice potential superimposed on an harmonic dipole trap. The number of occupied sites is adjusted by changing the confinement in the lattice direction. High-resolution imaging allows us to resolve each site. b, Gain in quantum metrology is obtained for spin squeezed states exhibiting reduced fluctuations in one direction (z) and a sufficiently large polarization in the orthogonal plane (x, y) as depicted on the Bloch sphere. For our system, spin fluctuations in the z direction translate to atom number difference fluctuations Dn between two adjacent wells. The polarization of the spin in the x-y plane is proportional to the phase coherence, AEcos wae, between the wells. c, The atom number fluctuations at each site are measured by integrating the atomic density obtained from absorption images. We compare a typical histogram showing sub-Poissonian fluctuations in the atom number difference with the binomial distribution (red curve). The green curve corresponds to the deduced distribution after subtracting the photon shot noise, leading to a number squeezing factor of j in two adjacent lattice sites. These modes are spatially well separated and thus represent an ideal starting condition for a spatially split interferometer. The fictitious spin components can be defined as
, where a { and b { denote the respective creation operators associated with the two modes, a and b denote the corresponding annihilation operators, and i~ffi ffiffiffiffiffiffi ffi {1 p . The z component corresponds to half the atom number difference between the wells. Because the mean occupation numbers, n a and n b , in the two wells are large, the expectation values of the x and y components can be approximated by hJ x i< ffiffiffiffiffiffiffiffiffi n a n b p hcos wi and hJ y i< ffiffiffiffiffiffiffiffiffi n a n b p hsin wi, respectively, where w is the phase difference between the two macroscopic wavefunctions.
Spin squeezing by means of unitary evolution requires a nonlinear component in the Hamiltonian 5 ; this is provided by the repulsive interactions between the atoms of the condensate. The corresponding suppression of atom number fluctuations in a Bose-Einstein condensate has been indirectly observed [18] [19] [20] [21] [22] [23] . However, by definition of the squeezing factor j S , its experimental determination requires access to the local properties of the atoms occupying the two sites of interest. By imaging the condensate with a resolution of 1 mm (fullwidth at half-maximum), which is well below the lattice spacing of 5.7 mm, we fulfil this criterion of local measurement. The wells of the lattice are fully resolved (Fig. 1a) , which allows for the determination of the atom number in each lattice site by direct integration of the atomic density as obtained by absorption imaging. Local interference measurements after a condensate expansion time short enough that only neighbouring sites overlap reveal the phase between these wells. In Fig. 1c, d we display typical data sets for the two types of measurement. The technical details of the precise experimental procedures and calculations used to deduce the number squeezing factor and the phase coherence are given in the Supplementary Information. The fluctuation measurement of the two conjugate variables, number and phase, yields information about the quantum state of the system and, in particular, allows for the detection of macroscopic entanglement between the particles. z, ref~n a n b =N , which is expected in a non-squeezed situation. The phase coherence, AEcos wae, between the two wells defines the horizontal axis. We choose the origin of the phase such that the J y component has a zero mean value. In this case, the relevant squeezing parameter for quantum metrology, j S , is given by j S 5 j N /AEcos wae. In the following, we will refer to it as the coherent number squeezing parameter. Lines corresponding to j The open symbols show that atom number fluctuations can be further suppressed at the expense of lower phase coherence. In the six-well situation, we observe number squeezing down to j 2 N 5 27.2 dB, which corresponds to fluctuations of 15 atoms per well, out of 1,100. The inset in Fig. 2 shows the optimal number squeezing for a given phase coherence 24 in our experimental situation with 2,200 atoms in a double well, revealing that there is still great potential for improvement. Our best measurements yield number fluctuations approximately 25 dB higher than the Heisenberg limited states with the same phase coherence.
Entanglement in the context of spin squeezing has been intensively discussed [7] [8] [9] . In a first quantization approach, it can be defined as the nonseparability of the N-body density matrix. With this definition, a sufficient criterion for entanglement coincides with the criterion for quantum metrology, namely j S , 1, which identifies spin-squeezingtype entanglement as a useful resource 7 . In the context of indistinguishable bosons, as in our experiment, the number squeezing j N , 1 has been shown to be a sufficient criterion for the nonseparability of the reduced two-body density matrix 8, 9 . This criterion is satisfied for all the measurements shown in Fig. 2 . However, without the possibility of accessing the single-particle spin properties (by contrast to the case of an ion string 25 ), this type of bipartite entanglement may not be usable as a resource. For this reason, only measurements in the coherentnumber-squeezed region (solid symbols) indicate the definite presence of useful entanglement.
To identify what limits the amount of squeezing, we consider the two-mode Josephson Hamiltonian E C J 2 z =2{2E J J x =N , that describes two weakly coupled condensates. The Josephson energy, E J , and the charging energy, E C , respectively characterize the tunnelling rate between the two condensates and the repulsive interaction energy inside each well. Because the depletion of the condensates in each well is small (#12 atoms) we neglect intrawell excitation. Longerwavelength excitations that exist in a many-well situation are also not considered. For the purpose of identifying the limiting factors on squeezing, this simplified model suffices because it captures the correct scaling of next-neighbour fluctuations with temperature, tunnelling rate and interaction energy 26 . In the two-mode model and at temperatures T high in comparison with the plasma energy,
ffiffiffiffiffiffiffiffiffi ffi In the coherent-number-squeezed region (below the orange line), directly usable entanglement is necessarily present in the system. The shaded areas show systematic error bounds due to a possible miscalibration of the atom number (620%) and to an underestimation of the phase coherence caused by technical noise. The error bars indicate standard deviation deduced from at least 400 experimental realizations. The inset (same quantities as main panel) shows that our data are approximately 25 dB above the optimal allowed number squeezing (purple line), showing room for improvement 24 .
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LETTERS number squeezing to j 2 N <k B T =m, where m is the chemical potential that measures the strength of the interaction (E C < m/N) and k B is Boltzmann's constant. In a typical experimental situation at thermal equilibrium, these fluctuations place a strong limit on both number and coherent number squeezing, as it is difficult to evaporatively cool the condensate much below the chemical potential.
To circumvent this limitation, we prepare the condensate in a shallow lattice before increasing the lattice depth. During this splitting process, the tunnelling rate, E J , decreases from its initial value, E i ð Þ J , to a final value, E f ð Þ J . The interaction energy, E C , stays almost constant in our experimental situation. For sufficiently slow ramp speeds, the evolution is expected to be adiabatic. Because the energy of the collective Josephson mode decreases during the splitting, energy is removed from the system, leading to an effective cooling of the relevant degree of freedom. In the regime where only the linear part of the collective spectrum is populated, the effective temperature
N, i~4 k B T=N E C is the initial squeezing at equilibrium with temperature T. The optimal number squeezing, assuming adiabatic evolution, is obtained by reducing further the Josephson energy to the Fock regime where the collective spectrum is quadratic. The final number squeezing is then given by j
We investigate our assumption of adiabaticity by performing a series of experiments in the six-well situation. The lattice depth is ramped from the initial value at which the condensate is obtained (430 Hz) to a fixed end value (1,650 Hz) in different times. In Fig. 3a , the final number squeezing factors for the two most populated well pairs are plotted versus the total ramping time. As expected, no improvement in the number squeezing is observed for ramps that occur too quickly (,20 ms). For slower ramps, the number squeezing increases and saturates at {6:6 z0:8z0:8 {1:0{0:8 dB, where the given uncertainties are 1s statistical errors obtained from approximately 1,000 experimental realizations followed by bounding of the systematic error (see Supplementary Information) . This improvement in number squeezing by a factor of approximately three is a consequence of the effective cooling discussed above. As shown in Fig. 3a , the observed behaviour is reproduced by a numerical simulation of the splitting process with the two-mode Josephson Hamiltonian.
High phase coherence is the second ingredient for a coherent number squeezing factor j S , 1. This requires that the effective temperature of the Josephson mode be below the tunnelling coupling E J / k B , which is the case for the initial lattice depth 27 . Increasing the lattice depth decreases the phase coherence. Best coherent number squeezing is obtained by adiabatically increasing the lattice depth to an optimal value such that coherence is still high and number squeezing has occurred. In order to find this optimum, we investigate the number squeezing and the phase coherence as a function of tunnelling coupling. We linearly ramp up the barrier height to different end values, keeping the ramp speed in the adiabatic regime. Figure 3 presents the results obtained for six (Fig. 3b) and two (Fig. 3c) occupied wells. In the six-well case, we identify an optimum barrier height range between 650 and 900 Hz, where we deduce a best coherent number squeezing j For the best observed number squeezing, we measure atom number fluctuations just above the detection threshold of our absorption imaging technique. To reach this sensitivity level, special care has to be taken to calibrate the deduced atom number 28 (see Supplementary  Information) . Furthermore, the contribution of the photon shot noise has to be precisely measured and subtracted 29 . As an independent check of the reliability of the atom counting, we monitor the evolution of number squeezing with atom loss. It is well known in quantum optics that random loss processes rapidly degrade the number squeezing. Red circles in Fig. 4 show this restoring effect with a rate that is compatible with the measured one-and three-body loss rates. A further check is performed by monitoring the evolution of the number fluctuations for an initial state with almost Poissonian fluctuations; such a state is prepared by directly condensing the atoms in a deep lattice. No change in the number squeezing is observed through the loss process, within the statistical errors. During the measurement, the relevant parameters for the imaging, such as the extension of the cloud and its optical density, are kept constant.
To confirm the successful implementation of a quantitative atom number fluctuation measurement, we infer number squeezing from 1,000 measurements after a 10-s holding time, starting from a slightly squeezed situation (23 dB , j 2 N , 0 dB). At this time, two-thirds of the atoms are lost and a precise number squeezing factor 21.2 dB , j 2 N , 21 dB is predicted from the measured one-and three-body loss coefficients. This exemplifies how particle losses can be used to prepare a well-defined number distribution in a condensate. We measure j The measured squeezing presented here concerns the external degree of freedom of the atoms in the condensate. It is comparable in amount to the latest measured squeezing of internal atomic states, also obtained by unitary evolution of a nonlinear Hamiltonian 13, 14 .
We show that the achieved entanglement can be directly used as a resource for quantum metrology with spatial atom interferometers. This is a major step towards measuring at the ultimate, Heisenberg, limit with a large number of particles.
